CLOCK (circadian locomotor output cycles kaput) and BMAL1 (brain and muscle ARNT-like 1) are both transcription factors of the circadian core loop in mammals. Recently published mouse CLOCK-BMAL1 bHLH (basic helix-loop-helix)-PAS (period-ARNT-single-minded) complex structure sheds light on the mechanism for heterodimer formation, but the structural details of the protein-DNA recognition mechanisms remain elusive. Here we have elucidated the crystal structure of human CLOCK-BMAL1 bHLH domains bound to a canonical E-box DNA. We demonstrate that CLOCK and BMAL1 bHLH domains can be mutually selected, and that hydrogen-bonding networks mediate their E-box recognition. We identified a hydrophobic contact between BMAL1 Ile80 and a flanking thymine nucleotide, suggesting that CLOCK-BMAL1 actually reads 7-bp DNA and not the previously believed 6-bp DNA. To find potential non-canonical E-boxes that could be recognized by CLOCK-BMAL1, we constructed systematic single-nucleotide mutations on the E-box and measured their relevant affinities. We defined two non-canonical E-box patterns with high affinities, AACGTGA and CATGTGA, in which the flanking A7-T7′ base pair is indispensable for recognition. These results will help us to identify functional CLOCK-BMAL1-binding sites in vivo and to search for clock-controlled genes. Furthermore, we assessed the inhibitory role of potential phosphorylation sites in bHLH regions. We found that the phospho-mimicking mutation on BMAL1 Ser78 could efficiently block DNA binding as well as abolish normal circadian oscillation in cells. We propose that BMAL1 Ser78 should be a key residue mediating input signal-regulated transcriptional inhibition for external cues to entrain the circadian clock by kinase cascade.
Introduction
Circadian rhythms are adaptive mechanisms essential for almost all organisms in nature. They synchronize the behavior and physiological status to periodic changes of environment, ensuring that the biochemical processes are executed accurately and efficiently [1] [2] [3] [4] . At molecular level, circadian clocks in mammals are mainly fulfilled through a core transcriptional negative feedback loop and several other auxiliary feedback loops [1, 2, 5, 6] . The transcription control of the core loop is governed by two bHLH (basic helix-loop-helix) and PAS (period-ARNTsingle-minded) domain-containing transcription factors, namely CLOCK (circadian locomotor output cycles kaput) and BMAL1 (brain and muscle ARNT-like 1) [1, 2, 5, 6] . It has been established that they form a heterodimer, bind E-box DNA elements and activate the transcription of clock-controlled genes [7, 8] . Two groups of resultant proteins, PERIOD (PER, sum of PER1-3) and CRYPTO-CHROME (CRY, or CRY1, 2), gradually accumulate and inhibit the activity of CLOCK-BMAL1 complex, constituting the negative feedback limb of the core loop [1, 2, 5, 6] .
E-box sites are defined as mainly 6-bp DNA elements recognized by bHLH family transcription factors [9] [10] [11] . They facilitate the transcription of various genes involved in cell proliferation, muscular and neural differentiation, immunoglobulin generation as well as circadian rhythms [9, 10, 12] . The E-box is distinguished by having a consensus sequence of CANNTG [13] [14] [15] , with a palindromic canonical form of CACGTG [16] . By site selection and amplification method, the MOP4-BMAL1 (MOP4, also named NPAS2, a homolog of CLOCK) heterodimer was demonstrated to bind the canonical E-box, which is also considered to be a high-affinity binding site for CLOCK-BMAL1 [7] . Further large-scale studies on cycling genes in suprachiasmatic nuclei, the liver and the heart have shown that a number of non-canonical E-box elements also regulate rhythmic gene expression [17] [18] [19] . One representative example is the E'-box (CACGTT), which participates in mammalian Per2 gene oscillation [20] . Recently, genome-wide analyses of BMAL1-binding sites by ChIP array or deep sequencing techniques also identified many E-box-like and non-canonical Ebox elements such as CCAATG, CATTGG, CATGTG, AACGTG, which extensively regulate clock-controlled genes [21, 22] . These E-boxes can further form tandem repeats to regulate gene expression [22, 23] . Despite these advances, a missing link exists in the direct binding assays between non-canonical E-boxes and CLOCK-BMAL1, and a comprehensive comparison of the affinity difference between various E-boxes.
The recently published heterodimeric structure of the mouse CLOCK-BMAL1 bHLH-PAS domains has shed light on how these two proteins interact with each other [24] , but the structural details of the protein-DNA recognition mechanisms remain unclear. In this work, we have determined the ternary complex of human CLOCK-BMAL1 bHLH domains with an E-box DNA. We demonstrate that CLOCK His84 and BMAL1 Leu125 are the key residues for the mutual recognition between CLOCK and BMAL1 bHLH domains. By measuring the affinities of a series of single-mutated canonical E-box DNA by ITC (isothermal titration calorimetry) and by comparing their thermodynamic differences, we have identified two non-canonical E-box-binding patterns, AACGTGA and CATGTGA. We showed that the flanking thymine nucleotide positioned at the 7′ site, which is recognized by BMAL1 Ile80, is indispensable for the recognition of the non-canonical E-boxes AACGTG and CATGTG. Furthermore, we assessed the effects of phosphorylation on four serine residues in protein basic regions by mutating them to the phospho-mimicking glutamate residue individually. We found that only BMAL1 S78E could strongly inhibit DNA binding. This mutation also diminished the transcriptional activation in the luciferase assay in vivo and abolished the normal circadian oscillation in cells. Therefore, BMAL1 Ser78 should be a key residue mediating input signal-regulated transcriptional inhibition.
Results

Crystal structure of CLOCK-BMAL1 bHLH domains and DNA complex
To explore the intermolecular recognition mechanism, we crystallized the complex structure of human CLOCK-BMAL1 bHLH domains bound to a canonical E-box DNA fragment. The crystals diffract to 2.4 Å resolution and belong to space group P3 1 21. The structure was determined by molecular replacement using modified Mad-Max-DNA structure (PDB: 1NLW) [25] as a search model. The final model was refined to R work /R free values of 19.5%/24.4% (Table 1 ). The electron density of the DNA chain was clearly observed after the initial refinement of the molecular replacement solution (Supplementary information, Figure S1 ). Each asymmetric unit contains one protein heterodimer and one double helical DNA chain ( Figure 1A ).
Resembling the previously solved protein-DNA complex structures in bHLH family [25] [26] [27] [28] [29] [30] [31] [32] , the basic helical regions of CLOCK and BMAL1 insert into the major groove of DNA. The extending parts following basic regions together with the second helices form a left-handed four-helical bundle, which is required for the heterodimer interaction and recognition. Notably, the intervening loops of both proteins are relatively small and do not appear to form any interactions with DNA bases. Hence, the intervening loops are not expected to participate in the recognition of flanking nucleotides beside E-box. Compared with the recently published mouse CLOCK-BMAL1 bHLH-PAS structure [33] , the N-terminal fragment of human CLOCK bHLH domain in our structure is extended by three helical turns and moved outward by five degrees (Figure 1B) , suggesting a DNA-induced conformational change.
Mutual recognition mechanism between CLOCK and BMAL1 bHLH domains
Since CLOCK and BMAL1 bHLH domains share high sequence homology (35% identity for the 60 residues compared), individual CLOCK or BMAL1 bHLH domain can form a homodimer structure in solution indicated by gel filtration and ultracentrifugation analysis (Supplementary information, Figure S2A and S2B). However, when both bHLH domains are present, they can discriminate one another to form a stable heterodimer ( Figure 1A) . To uncover the mechanism of mutual recognition between bHLH domains, we examined the heterodimer interface. The helical bundle responsible for Figure 2B ). In contrast, BMAL1 M88F and CLOCK F50M mutations, which mimic CLOCK and BMAL1 homodimer structures of layer 1, respectively, do not cause observable effect on mutual recognition ( Figure 2B and Supplementary information, Table S1 ). These results indicate that CLOCK His84 and BMAL1 Leu125 in layer 5 are the key residues involved in mutual recognition.
We thus proposed a model to explain the recognition process between CLOCK and BMAL1 bHLH domains ( Figure 2C ). Individual CLOCK and BMAL1 form less stable homodimers due to the steric hindrance in layer the heterodimer interactions can be divided into five layers ( Figure 2A ). Of these, layers 2 and 3 have symmetric residue arrangement (except CLOCK Ser77 and BMAL1 Ala118, but both are small side-chain residues), indicating that these two central layers cannot render the selectivity for heterodimer. To find the crucial residues involved in mutual recognition, we built the models of the CLOCK and BMAL1 homodimer through structural alignment. In both modeled structures, we observed serious side-chain clash, including CLOCK Phe50 in layer 1 and CLOCK His84, BMAL1 Leu125 in layer 5 (Figure 2A, right) . Thus, these incompatible residues are expected to render the preference for heterodimer formation, as they will destabilize the homodimeric structure. To test this hypothesis, 5. When both proteins are present, the equilibrium will rapidly shift to the heterodimer in which the residues are well stacked. This model suggests that bHLH domains alone can be mutually selected and contribute to the mutual recognition of full-length CLOCK and BMAL1 molecules.
Recognition of canonical E-box by CLOCK-BMAL1
By site selection and amplification methods, the canonical form of E-box CACGTG was previously identified as a high-affinity DNA-binding site for MOP4-BMAL1, as well as a binding site for CLOCK-BMAL1 [7] . Since the resulting consensus binding sequence contains no degenerate site, it is predicted that each base pair of the E-box is recognized. As expected, CLOCK-BMAL1 heterodimer interacts with each site of the E-box in the structure, with Arg39, Glu43, Arg47 in CLOCK and His77, Glu81, Arg85 in BMAL1 as the sequence-specific recognition residues ( Figure 3A and 3B). Although the base-reading residues in both proteins have Figure 2 The mutual recognition mechanism between CLOCK and BMAL1 bHLH domains. (A) The four-helix bundle composing the heterodimer interface can be divided into five layers. In layers 2 and 3, the residues in symmetric positions are the same (except CLOCK S77 and BMAL1 A118), so they do not confer the selectivity for the heterodimer. In the modeled homodimeric structures, CLOCK Phe50 in layer 1 and CLOCK His84, BMAL1 Leu125 in layer 5 have steric clash. (B) ITC measurements for the titration of the CLOCK bHLH domain into the BMAL1 bHLH domain. Mutated residues are indicated in subtitles. K D ± s.d. is shown. Homodimer-mimicking mutations in layer 5 (BMAL1 L125H and CLOCK H84L) greatly diminish the interaction. Homodimer-mimicking mutation in layer 1 (BMAL1 M88F) has no observable effect on mutual selection. (C) A proposed mechanistic model for mutual recognition. In the heterodimeric structure, the two recognition residues (CLOCK His84 and BMAL1 Leu125) are well stacked, thus leading a shift of the equilibrium to the heterodimer formation.
npg a similar conformation, they have unique features. First, CLOCK Arg39 forms a pair of hydrogen bonds with one end of guanine of the E-box, whereas BMAL1 His77 forms one hydrogen bond with the other end of guanine; Second, CLOCK Arg47 lacks direct hydrogen bond interaction with the center guanine, thus making a looser contact than that of BMAL1 Arg85 ( Figure 3A and 3B).
The precision of the interaction between protein and DNA is further illustrated by quantification of the DNAbinding affinities of the heterodimeric and homodimeric proteins. The heterodimeric protein binds to canonical E-box DNA (marked as wild-type (WT) DNA) with a K D value of 1.52 ± 0.10 µM, ~5-10 folds lower than that of both homodimeric proteins ( Figure 3C and Supplementary information, Table S1 ). These results indicate that the non-functional CLOCK or BMAL1 homodimers, if coexisted with heterodimer in vivo, should have little competitive influence on DNA binding.
Previous biochemical data has shown that the redox states of NAD cofactors have a significant influence on DNA binding by regulating CLOCK or NPAS2 bHLH domains directly [34] . It was reported that the oxidized NAD + and NADP + inhibit CLOCK-BMAL1 heterodimer binding to DNA, whereas the reduced NADH and NA-DPH have enhancing effects. These effects are probably fulfilled by directly binding of NAD cofactors to the bHLH domain, thus resulting in a conformational change [34] . To quantify the effects of the NAD cofactors on DNA binding, we measured the protein-DNA binding affinities in the presence of 10 mM NAD cofactors by ITC. Upon addition of NAD + , NADH, NADP + and NADPH, the K D values are 1.18 ± 0.07, 2.13 ± 0.17, 2.54 ± 0.11 and 2.74 ± 0.16 µM, respectively (Supplementary information, Figure S3 and Table S1 ), all of which are quite similar to that without ligand addition. Furthermore, we have crystallized the protein-DNA complex in the presence of NADH or NADPH and solved the crystal structure, but no interpretable electron density for NAD cofactors is seen. These results suggest that none of the NAD cofactors has a direct influence on DNA binding through Figure 3 The recognition mechanism of CLOCK-BMAL1 bHLH domains to canonical E-box. (A) Detailed interactions between CLOCK and E-box. (B) Detailed interactions between BMAL1 and E-box. The red dashed lines represent the hydrogen-bonding contacts and the black dashed line represents the distance between two atoms. The bond lengths or distance are shown in Angstroms (Å). (C) ITC measurements of the binding affinities between hetero-/homodimeric proteins and the E-box DNA. bHLH domain proteins were titrated into a 16-bp blunt-ended double-stranded DNA that contains a canonical E-box in the center (Sequence: AGGAACACGTGACCCA. It is designated as WT DNA. E-box is underlined). Although the CLOCK bHLH homodimer has a higher affinity than BMAL1, both homodimers have a much lower affinity than heterodimer. bHLH domain. It is important to explore the detailed role of NAD cofactors in circadian regulation, as the changes of the concentration of NAD cofactors attributed to food intake or neuronal activity can be an input cue to entrain circadian clock, thus linking the cellular metabolism and circadian regulation together [34] . It is more likely that, as recently reported, NAD + regulates circadian rhythm by promoting SIRT1-dependent histone deacetylation, thus downregulating the CLOCK-BMAL1-dependent transcription [35] [36] [37] , but not by regulating DNA binding through bHLH domain.
BMAL1 Ile80 recognize flanking thymine nucleotide of E-box
With exception to the canonical E-box region, the DNA used in crystallization is not strictly palindromic. However, in the crystals, the DNA chains have uniform direction to the asymmetric heterodimeric proteins ( Figure 4A ). This observation suggests that additional interactions exist between the protein and DNA bases to determine a specific DNA orientation. After examination, we observed a hydrophobic contact between BMAL1 Ile80 and a flanking thymine nucleotide ( Figure 4A and 4B). Thus, the DNA bases recognized by CLOCK-BMAL1 become non-palindromic and can be divided into CLOCK half-site (CAC) and BMAL1 half-site (GTGA) ( Figure 4A ). To verify whether the BMAL1-mediated hydrophobic contact contributes to DNA binding, we titrated the heterodimeric proteins into site 7-mutated DNA 7ATd (ACACGTGT, the E-box is underlined and flanking nucleotides at both sides are shown, hereinafter) ( Figure 4C and Supplementary information, Table  S1 ). As expected, this DNA mutation lead to a decrement of binding affinity by ~2-fold compared with WT DNA (Figure 3C, left) .
The preference for the flanking base pair A7-T7′ was first identified by the previously reported site selection and amplification experiment, and was further verified by a competition assay [7] . We provided a molecular explanation for these results and quantified the contribution of this hydrophobic contact in base reading. In addition, we did not find any flanking interaction in the CLOCK halfsite, which was supported by the finding that the flanking bases at the CLOCK half-site were not conserved in the site selection result [7] .
The flanking thymine nucleotide determines the specific binding to non-canonical E-boxes
To explore the non-canonical E-boxes that could potentially be recognized by CLOCK-BMAL1, we generated systematic single-nucleotide mutations on each site of the canonical E-box and measured their relevant binding affinities by ITC (Supplementary information, Table  S1 ). We found two sequences that have obvious higher affinities than the others. They are 1CAd (AAACGTGA) and 3CTz (ACATGTGA), with K D values of ~4 to 5 µM ( Figure 4D and 4E, left) . Unexpectedly, when we titrated CLOCK-BMAL1 bHLH heterodimeric protein into 6GTd (ACACGTTA), a DNA fragment sharing the same E-box as 1CAd (AAACGTGA), the binding affinity could not be measured (Figure 4D, right) . This observation indicates that the interaction with the flanking nucleotide is required and crucial for recognition of the noncanonical E-box. If the flanking hydrophobic interaction is involved in recognition of the non-canonical E-box, then to bind 1CAd DNA, CLOCK Arg39 should interact with T1′, whereas to bind 6GTd DNA, BMAL1 His77 should interact with T6. The observation that only 1CAd DNA is recognized suggests that CLOCK can tolerate a C1 to A1 (or G1′ to T1′) mutation in DNA molecule, thus binding to 1CAd DNA, whereas BMAL1 cannot tolerate a G6 to T6 mutation, resulting in non-recognition to 6GTd DNA.
Similar to the case discussed above, binding to 4GAz (ACACATGA) was undetectable although it has the same E-box as 3CTz (ACATGTGA) (Figure 4E, right) . This result can be explained by the different DNAbinding features between CLOCK and BMAL1. The interaction between CLOCK Arg47 and G3′ is looser than that between BMAL1 Arg85 and G4 ( Figure 3A and 3B) . Therefore, CLOCK can tolerate a G3′ to A3′ mutation in DNA molecule, but BMAL1 cannot tolerate a G4 to A4 mutation. In addition, we titrated heterodimeric proteins into two tandem E-box DNA fragments named DbpI2wt and DbpI2sp10 [22] , in which binding to non-canonical E-box (GCACATTC) was undetectable (Supplementary information, Figure S4 and Table S1 ).
In addition, A2 or T5 site mutated DNA molecules also have detectable binding, but their affinities are much lower, with K D values generally between 10 to 20 µM ( Figure 4F ). Furthermore, compared with high-affinity DNA molecules (WT, 7ATd, 1CAd, 3CTz), the A2-or T5-mutated DNA molecules have clearly different thermodynamic profiles during binding. As shown in Figure  4F , binding to high-affinity DNA molecules was mainly driven by enthalpy changes, an indication of specific hydrogen bond interactions. However, binding to A2-or T5-mutated DNA molecules was mainly driven by entropy changes, suggesting a loss of specificity. These low-affinity A2-or T5-mutated E-boxes appear largely in tandem form in front of some clock-controlled genes such as Per3, Ptma, Qk, Trfp, Rexo2 [23] . However, their detailed roles in vivo require further investigation due to their low affinities.
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npg In summary, we have defined two non-canonical Ebox binding patterns with high affinities, AACGTGA and CATGTGA, both of which have a similar thermodynamic profile to canonical E-box during interactions with CLOCK-BMAL1. From a structural perspective and based on the results obtained from ITC, we conclude that when E-box is in two non-canonical forms (AACGTG and CATGTG), the specific binding to E-box will be determined by the existence of a hydrophobic contact between flanking thymine nucleotide and BMAL1 Ile80.
Potential phosphorylation sites in basic regions
To ensure the robustness and precision of the clock, circadian components are extensively regulated. Phosphorylation of CLOCK and BMAL1 basic regions can inhibit their binding to DNA, thus downregulating their transcriptional activity. CLOCK and BMAL1 each has two serine residues in their basic regions (CLOCK Ser38, Ser42 and BMAL1 Ser78, Ser90) ( Figure 5A and 5B). It has been reported that three of the four serine residues (CLOCK Ser38, Ser42 and BMAL1 Ser90) can Table S1 for full-length DNA used in ITC measurements. be phosphorylated in vivo [38, 39] . However, BMAL1 Ser78 is also very likely to undergo phosphorylation predicted by NetPhos 2.0 Server [40] , which is supported by the finding of a mass spectrometry record of phosphorylated BMAL1 Ser78 in PhosphoSite database [41] . To compare the effects of the four serine residues on phosphorylation-mediated DNA-binding inhibition, we mutated them to phospho-mimicking glutamate residues individually and measured the binding affinities of corresponding heterodimeric proteins to WT DNA. Of the four mutations, CLOCK S38E, S42E and BMAL1 S90E have no significant influence on DNA binding, whereas the BMAL1 S78E mutation almost completely abolishes DNA binding ( Figure 5C and Supplementary information, Table S1 ).
These results can be well explained from a structural perspective. Side chains of CLOCK S38E and BMAL1 S90E protrude away from the DNA molecule ( Figure 5A and 5B). Although CLOCK S42E forms charge repulsion with the DNA backbone, the heterodimeric proteins carrying this mutation can still bind DNA strongly (Figure 5C) . Notably, the inhibitory role played by BMAL1 S78E in DNA binding is more than a consequence of charge repulsion, but a result of steric hindrance ( Figure  5B ).
Phospho-mimicking BMAL1 S78E mutation compromises circadian oscillation in cells
To determine whether the in vitro measured binding affinities of different mutants depict physiological rel- Luciferase reporter assay demonstrates that BMAL1 S78E can inhibit DNA binding in vivo, thus diminishing the transcriptional activity of CLOCK-BMAL1. Data were represented as mean ± s.d. of three repeats in one assay. P value was calculated by Student's t-test. ***P < 0.001; *P < 0.05; # P > 0.1. (E) Real-time whole-cell luciferase assay. mBMAL1 WT, mBMAL1 S78A, mBMAL1 S78E and GFP genes were transfected into mouse mBMAL1 −/− mPer2 Luciferase fibroblast cells, respectively. Real-time expression of the fusion protein mPER2-luciferase was monitored for 4 days. Red, purple, blue and green lines represent the luminescent signal using mBMAL1 WT, mBMAL1 S78A, mBMAL1 S78E and GFP as rescue genes, respectively.
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npg evance, we used a luciferase reporter system to test the transcriptional activities of full-length human CLOCK-BMAL1 carrying these structure-based mutations. When non-tagged human WT CLOCK and BMAL1 genes were co-transfected with the luciferase reporter gene into HEK293T cells, they increased the luminescent signal up to 4 folds. The signal strength in CLOCK S38E, S42E and BMAL1 S90E transfected cells is similar to WT, indicating that these phospho-mimicking mutations have no significant effect on DNA binding and transcriptional activation. In contrast, the BMAL1 S78E transfected cells have an obvious decrement of the luminescent signal compared with WT, which is in accordance with ITC result ( Figure 5D ). To further investigate the functional role of the BMAL1 mutants, we introduced mBMAL1 WT, mBMAL1 S78E, mBMAL1 S78A or GFP genes into the mouse mBMAL1
Luciferase [42] fibroblast cell line by lentivirus-based transfection, and tested whether they could rescue the mPER2 oscillation in cells. Real-time monitoring of the fusion protein mPER2-luciferase expression showed that mBMAL1 S78E, similar to the GFP control, could not restore the mPER2 oscillation in cells as WT ( Figure  5E ). Notably, the mBMAL1 S78A mutant retained the ability to induce the oscillated signal of mPER2, suggesting that dephosphorylation on BMAL1 Ser78 is critical for maintaining the clock oscillation.
Discussion
Hydrophobic contacts are mainly employed to read pyrimidines in DNA binding proteins [43] . In our structure, we observed a hydrophobic contact between BMAL1 and the flanking thymine, which suggests that CLOCK-BMAL1 heterodimer actually reads 7-bp DNA and not the previously believed 6-bp DNA. The additional base pair appears to be not so important when the E-box has a canonical form. However, to recognize non-canonical Eboxes, the flanking interaction is indispensable. Through systematic DNA mutations and ITC measurements, we have identified two non-canonical E-box patterns with high affinities, AACGTGA and CATGTGA. The former pattern composes a previously demonstrated functional E'-box (AACGTG or CACGTT), and a flanking A7-T7′ nucleotide that is rather conserved in mammalian Per2 promoters [20, 44] . Notably, compared with the functional binding pattern AACGTGA, the pattern CATGTGA, has a similar affinity to CLOCK-BMAL1 and similar thermodynamic profiles during binding, indicating it is also functional in vivo. However, if the conserved flanking A7-T7′ is substituted, both E-boxes are very likely to lose their function. In conclusion, we suggest the pattern AACGTGA and CATGTGA should be used instead of AACGTG and CATGTG for non-canonical binding site searching.
Circadian rhythms are mainly synchrotronized by daynight cycles. In addition, cellular environment changes attributed to metabolism also affect the circadian rhythm profoundly [45] . In this study, we identified a possible phosphorylation site in BMAL1 basic regions that may be one of the cutting points for the external cues to regulate the circadian core transcriptional process. We have shown that the S78E mutant of BMAL1 significantly compromises the ability of DNA binding as well as the transcriptional activity of the complex in cells. Compared with the previously reported inhibitory phosphorylation sites in CLOCK basic regions (Ser38 and Ser42) [38] , phosphorylation on BMAL1 Ser78 will be more crucial and efficient in downregulating the transcriptional activity of CLOCK-BMAL1. Considering that many kinases can phosphorylate and regulate the activity of BMAL1 at multiple sites [6, 46, 47] , we propose that BMAL1 Ser78 should be a key residue mediating input signal-regulated transcriptional inhibition for external cues to entrain the circadian clock by kinase cascade.
In general terms, the association and dissociation of transcription factors with DNA are key aspects to determine the transcriptional activities. In the fruit fly, circadian transcription by CLK-CYC is such a rhythmic DNA binding process that is regulated by interactions with PER-TIM [48] . In mammals, it is previously reported that CLOCK-BMAL1 heterodimer remains bound to DNA throughout the circadian cycle [49] . However, a contrary report showed mouse CLOCK-BMAL1 could undergo rhythmic binding to multiple E-boxes in regulating the oscillation of Dbp gene [50] . We have demonstrated that phospho-mimicking S78E mutant of BMAL1 efficiently blocks DNA binding, which provides a molecular rationale for the possibility of rhythmic binding of CLOCK-BMAL1 during circadian cycle. In addition, phosphorylation on BMAL1 Ser78 may also help to promote protein recycling by disassociating the complex from DNA when the circadian transcriptional process is terminated.
Materials and Methods
Protein preparation
The bHLH of Homo sapiens CLOCK (residues 29-89) and BMAL1 (residues 66-128) were cloned into pET-21b (Novagen) vector using Nde I and Xho I restriction sites. A tryptophan codon was inserted in front of Xho I site for monitoring the absorption of both proteins at 280 nm. The plasmids were transformed into E. coli strain Rosetta and the proteins were overexpressed in LB medium at 30 °C for 5 h by induction with 0.5 mM β-D- thiogalactopyranoside (IPTG). The cells were harvested by centrifugation, resuspended in buffer A (1 M NaCl, 20 mM Tris-HCl, pH 7.8) and lysed by sonication. After centrifugation at 25 000 rpm for 2 h, the soluble fraction of the cell lysate was loaded on a Ni 2+ affinity column in buffer A, washed and eluted by 20% and 80% buffer B (500 mM NaCl, 500 mM imidazole, 20 mM Tris-HCl, pH 7.8), respectively. Equal moles of CLOCK and BMAL1 proteins were thoroughly mixed and incubated on ice for 10 min, followed by gel filtration using a Superdex 75 column in buffer C (500 mM NaCl, 20 mM Tris-HCl, pH 7.8). For subsequent crystallization analysis, the proteins were desalted into buffer D (200 mM NaCl, 20 mM Tris-HCl, pH 7.8), concentrated to 25 mg/ml and stored at −80 °C.
Crystallization and data collection
DNA primers used in crystallization are: forward, AGGAA-CACGTGACCC; reverse, TGGGTCACGTGTTCC. This DNA sequence was derived from a previously reported site selection and amplification experiment [7] . Equal moles of 15 bp forward and reverse primers were annealed to form a sticky-ended doublestranded DNA in buffer D (200 mM NaCl, 20 mM Tris-HCl, pH 7.8). To get the complex crystals, the DNA and heterodimeric proteins were mixed at a molar ratio of 1.1:1, and incubated on ice for 10 min. The final concentration of proteins for crystallization is ~17 mg/ml. Crystal screening was carried out using the sitting drop vapor diffusion method at 16 °C by mixing 1 µl DNA-protein complex and 1 µl reservoir solution containing 20% (w/v) PEG 3350 and 0.2 M magnesium formate. Crystals were grown to full size in 1 week. Before flash frozen, the crystals were soaked in the cryoprotectant containing 20% (w/v) PEG 3350, 0.2 M magnesium formate, 20% glycerol for ~2 min. The data were collected at KEK, Photon Factory beamline BL17A, Tsukuba, Japan, using a Quantum 315 CCD detector (Area Detector Systems Corporation). The diffraction data were integrated and scaled using HKL-2000 program [51] .
Structure determination and refinement
Due to the strong anisotropic nature of the data, ellipsoidal truncation and anisotropic scaling of the structure factors were performed using Diffraction Anisotropy Server [52] . Corrected structure factors were used in phasing and refinement. Initial phases were determined by molecular replacement using the modified PDB 1NLW as a search model. The structure was manually built using Coot [53] combined with refinement using Phenix.refine [54] . The atomic coordinates and diffraction data have been deposited to Protein Data Bank with the accession code 4H10.
ITC measurements
See Supplementary information, Table S1 for DNA sequences used in ITC measurements. ITC measurements were performed using ITC200 (GE Healthcare) at 25 °C. All annealed doublestranded blunt-ended DNA used in ITC experiments were purified by gel filtration using a Superdex 75 column. The main peak eluted was collected and the DNA concentration was determined by measuring the absorbance at 260 nm using Nanodrop (Thermo Fisher Scientific). Both proteins and DNA were in buffer C (500 mM NaCl, 20 mM Tris-HCl, pH 7.8). For determination of the affinities between two proteins, typically 1 mM (monomer concentration) WT or mutated CLOCK bHLH protein was titrated into 0.12 mM (monomer concentration) BMAL1 bHLH protein. For determination of the affinities between protein and DNA, typically 0.4 mM protein (heterodimer or homodimer concentration) was titrated into 0.036 mM double-stranded DNA. The thermograms were fitted to a single binding site model using Origin software.
Analytical ultracentrifugation
Analytical ultracentrifugation measurements were performed using ProteomeLab XL-I (Beckman Coulter) analytical ultracentrifuge with an An-60 Ti rotor. bHLH domains of CLOCK, BMAL1 and their complexes were analyzed in buffer C (500 mM NaCl, 20 mM Tris-HCl, pH 7.8) with a speed of 60 000 rpm (262 000× g) rotating for at least 6 h at 25 °C.
Luciferase reporter assay
Luciferase reporter assay was performed in a 96-well plate and each sample was performed in triplicate wells. HEK293T cells were seeded in DMEM supplemented with 10% FBS and cultured to 80% confluence at 37 °C with 5% CO 2 . Before transfection, the cells were harvested by centrifugation and resuspended to 1.6 × 10 6 cells/ml. 50 µl suspended cells were dispensed into individual wells to ~8 × 10 4 cells per well. For preparing the transfection sample of each well, the following amounts of plasmids were diluted in 25 µl Opti-MEM I reduced serum medium: 10 ng pGL3-3 × E-box, 40 ng pcDNA3.1-hBMAL1, 120 ng pcDNA3.1-hCLOCK and 30 ng pcDNA3.1 for normalization (total 200 ng per well). Then 0.5 µl Lipofectamine 2000 (Invitrogen) was diluted in 25 µl Opti-MEM I reduced serum medium and incubated for 5 min. The diluted plasmids and Lipofactamine were then combined and incubated for 20 min, followed by transferring the mixture (total 50 µl) into one well containing cells. After transfection, the plate was incubated at 37 °C with 5% CO 2 . 24 h after transfection, 50 µl medium was removed from each well. The cells were lysed and luciferase activity was measured using a Bright-Glo Luciferase Assay System (Promega) according to the manufacturer's protocol.
Real-time whole-cell luciferase reporter assay mBMAL1 WT, mBMAL1 S78E, mBMAL1 S78A and GFP genes were constructed into the lentivirus vector using the ViraPower Promoterless Lentiviral Gateway Kits (Invitrogen) according to the manufacturer's protocol. The four kinds of lentiviruses were produced as previously described [55] . Mouse mBMAL1 −/− mPer-2 Luciferase fibroblast cells were cultured in DMEM supplemented with 10% FBS until 80% confluence in a six-well plate. To infect the cells, the medium in each well was replaced with 1 ml virus suspension, 1 ml fresh DMEM supplemented with 10% FBS, antibiotics (100 units/ml penicillin, 100 µg/ml streptomycin) and Polybrene (a final concentration of 8 µg/ml). After 18 h, the medium containing virus was replaced with fresh DMEM supplemented with 10% FBS and antibiotics. Approximately 48 h after infection, the infected cells were seeded in 10-cm dishes, and blasticidin was added to the medium to a final concentration of 5 µg/ml. The dishes were then incubated for 3 days to select stably transduced cells. To monitor real-time whole-cell luciferase activity, the blasticidinresistant mBMAL1 −/− mPer2 Luciferase fibroblast cells were plated into 3.5 cm dishes and cultured to 90% confluence. The cells were then changed into HEPES-buffered DMEM containing 1 µM luciferin (Promega) and B-27 supplements (Invitrogen), followed by sealing the dishes with the coverslip and vacuum grease. 
